SYNOPSIS. Energetic considerations of the growth of three species of littoral bcnthic foraminifera, Allogromia laticollaris, Rosalina leei, and Spiroloculina hyalina, have been made on laboratory-grown populations. Under optimum laboratory conditions A. laticollaris has the greatest intrinsic rate of increase (r -2.533 org/day) ; S. hyalina (r = 1.472 org/day), and R. leei (r = 0.272 org/day) being less fecund. The respiration rates of the three species were similar (0.5-4.5 ^1/mg body wt/hr) within the temperature range (15-35 C) tested. The species studied are selective feeders. Only 4-5 of 28 species of algae tested were consumed in significant quantities (40-150 X 10~8 g/foram/day). Although great numbers of bacteria were eaten, their biomass was negligible when compared to the algae. The ecological growth efficiency (E e ) of the three species tested is highest in fresh cultures (5-20%) and declines rapidly. Evidence suggests that the species studied are well adapted for the rapid changes in the microbial community structure which take place throughout the summer, and that community stability and high rate of productivity are achieved through diversity.
INTRODUCTION
It boggles the mind to even conceive of understanding the complex interrelationships in the salt marsh communities whidi are the habitat for many species of formanifera. Nevertheless, we have, for some time, been interested in evaluating some of the factors which control the productivity of foraminifera in the salt marshes and other shoal water communities. The problem of productivity is an old one which has been approached from both the field and laboratory by many protozoologists and paleocologists (Berger, 1969; Boltovskoy, 1964 Boltovskoy, , 1970 Bradshaw, 1955 Bradshaw, , 1957 Bradshaw, , 1961 Brooks, 1967; Buzas, 1965 Buzas, , 1968 Buzas, , 1970 Lee et al., 1966, 19696; Lynts, 1966; Murray, 1963 Murray, , 1965 Murray, , 1967 Myers, 1935 Myers, , 1936 Myers, , 1937 Myers, , 1942^6, 1943 Phleger 1960 Phleger , 1964 Phleger , 1966 Phleger , 1970 Phleger and Bradshaw, 1966; Ramanathan, 1970) . Field studies suggest that environmental factors, such as current, nutrients, salinity, bottom sediments, and especially temperature, restrict and control the overall distribution Supported by U.S. AEC contract AT (11-1) 3254 . University Institute of Oceanography of City University of New York, Contribution No. 10. patterns of benthic species. Whenever it has been studied, it has been found that within the appropriate gross environmental conditions the foraminifera have a very patchy (Boltovskoy and Lena, 1969; Buzas, 1968 Buzas, , 1969 Buzas, , 1970 Lee et al., 1966; Lynts, 1966; Matera and Lee, 1972; Phleger, 1966) and seasonal (Boltovskoy, 1964; Buzas, 1969; Murray, 1965 Murray, , 1967 Phleger and Lankford, 1957; Ramanathan, 1969 Ramanathan, , 1970 Walton, 1955) distribution. Myers (1942b Myers ( , 1943 , in a very general way, drew attention to the seasonal cycles of photoplankton and correlated foraminiferan production to the abundance of food. Subsequent laboratory studies by Bradshaw (1955 Bradshaw ( , 1961 , Lee et al. ( , 1966 , , , Muller (1972) , and Muller and Lee (1969) have shown the importance of numbers and types of food organisms in determining the growth and reproductive rates of littoral benthic forms. Lee et al. (1966) and Buzas (1970) have concluded that the foraminifera they studied seem to be opportunistic species (MacArthur and Levins, 1964) . Interspecific and intraspecific competition for food also play an important role in limiting foram 215 productivity (Lee et al., 1966; Muller and Lee, 1969; Muller, 1972) . The highly productive salt marsh psammolittoral and epiphytic communities which we have studied (Lee et al., 19696; Matera and Lee, 1972; Tietjen, unpublished report) undergo rapid changes in community structure throughout the summer. Successive blooms of different species of diatoms, foraminifera, and nematodes seem to characterize summer communities.
One of the conclusions made by Teal (1962) in his classical study of energy flow in Georgia salt marshes was that community stability is achieved because "among the detritus-algae feeders there are only a few important species and they all have a very unrestricted diet." Our evidence on population structure and succession within the microbial and micrometazoan assemblages agreed with MacArthur's suggestion that a more efficient pathway to community stability is achieved through having many species, each with restricted diets. Theoretically a young, rapidly changing community is potentially a more productive one.
It seemed to us that a study of trophic dynamics and energy flow of those species of foraminifera whose niches are best known (Muller, 1972) might help clarify the seeming conflict between Teal's (1962) conclusions and ours.
MATERIALS AND METHODS
The experimental organisms were isolated from field collections taken at Towd Point, North Sea Harbor in Southampton, Long Island, and cultured as described previously (Lee et al., 1961 Muller and Lee, 1969) . Gnotobiotic cloned stock cultures of the three species were grown in Pyrex screw-capped test tubes (20 X 125 cm) with 10 ml of erdschreiber (pH 8.0 and salinity 26'i r The production of populations of each species was calculated by the following formula: Production = 30% X D w X /» 30% = estimate of carbon percentage of dry weight D w = dry weight of a single individual of the species of foraminifera under discussion /" = the size of the population of the species of foraminifera under discussion at a given time, t n .
Radioactive tracers were used in qualitative and quantitative feeding studies (Lee et al., 1966) . Foraminifera for these studies were washed ten times with sterile media, and any food adhering to the surface of the animals was removed with glass needles. Care was taken to select organisms of approximately the same size for each experiment. Except when population size was a variable in tracer feeding studies, the following test populations were used: 10 Allogromia, 20 Rosalina, and 50 Spiroloculina. Previous studies (Lee et al., 1966; Muller and Lee, 1969) showed that these were minimum inocula for statistically meaningful data. Each experiment was done four or six times.
Potential foods were inoculated into appropriate media with 32 P (0.5-1 ^,Ci/ml) as a label and incubated in strong light for 24 hr. A3 in previous experiments (Lee et al., 1966) , this level of radionudide was adjusted to ~ 0.1-1 count/min/cell. Labeled food cells were harvested by centrifugation and washed five times in sterile unlabeled sea water. The population den-sity of each food species was determined by counting an aliquot with a hemocytometer. The appropriate number of food cells was inoculated into the foraminiferan cultures and incubated for 24 hr. The foraminifera were harvested by gentle agitation with a vortex mixer, allowing the animals to settle, and removing the supernatant fluid. Autoclaved dead organisms were used as controls. The process was repeated five times. The foraminifera were placed in scintillation vials with a minimum of water carry over, dried, and mixed with 15 ml of scintillation fluid. Radioactivity was measured by means of a Beckman liquid scintillation counter.
The biomass of the algae eaten was determined by measuring the volumes of 100 individual logarithmically growing algae cells. Log phase cells were chosen for measurement since they were used in the tracer feeding studies. Previous studies (Lee et al., 1966) had shown that fewer stationary phase cells are eaten by foraminifera than cells in any other phase. The biomass of the algae eaten was converted to grams carbon by assuming that /-< 80% of the biomass was water.
RESULTS
Under optimum laboratory conditions the reproductive rate of A. laticollaris is rapid (T g = 8 days) and after one month the carrying capacity is reached. The carrying capacity for A. laticollaris is large and sometimes exceeds 2,600 organisms per 10 ml of media. Although the carrying capacity changed, depending upon the parental inoculum, the intrinsic rate of increase (r) during the logarithmic phase is the same. A. lalicollaris has the largest value of r (2.533 org/day) of all the foraminifera tested. The sizes of individual populations varied greatly during the logarithmic growth phase, reflecting the various asexual reproductive pathways which can occur during the life cycle of this organism (Lee et al., 1969&) . The carrying capacity of R. leei in optimum laboratory conditions, is 1,350 organisms per 10 ml, but almost two years (540 days) were required to reach this population. The intrinsic rate of increase was correspondingly smaller (0.272 org/day). Under optimum conditions the carrying capacity (3600 org/day) of S. hyalina cultures is reached in about 30 days. The intrinsic rate of increase is equal to 1.472 org/day which is intermediate to those of A. laticollaris and R. leei. The large range in the sizes of individual populations probably can be best explained as dampening oscillations of the mean carrying capacity.
The respiration rates of three species of foraminifera used in this present study are similar (Fig. 1) . The rates ranged from 0.5-4.5 /J/mg body weight/hr within the temperature range 15-35 C. The respiratory rate of A. laticollaris is low (0.5 ^1/mg/hr) when the temperature is less than 21 C. Between 21-35 C respiration increases sharply to 4.2 /J/mg/hr at 35 C. The respiratory rate of R. leei increases from 0.7 ^1/mg/hr at 15 C to 4.5 /xl/mg/hr at 25 C and then declines to 2.8 ^1/mg/hr at 35 C. The rate of respiration of S. hyalina gradually increases from 1.0 jal/mg/hr at 15 C to 4.4 /nl/mg/hr at 35 C. Of all the species tested, the rate of carbon turnover is highest for R. leei. At optimum temperature (25 C) 8.67 ^g C/foram/week are respired. The maximum carbon turnover for A. laticollaris was at 35 C (3.78 ^g C/foram/week; Table 1 , Fig. 2 ). Carbon turnover was slowest in S. hyalina. At optimum temperature (30-35 C), only 0.198 ^g C/foram/ week was respired (Table 3 ). The carbon turnover of populations of the foraminifera was also different. At 35 C, 10.2 X 10~3 g C/week were respired by a population of ,-> 2,700 A. laticollaris (Table 1) . The respiration of ~ 1,300 R. leei (11.22 X 10~3 g C/week) was slightly higher than a population of A. laticollaris over twice the size (Table 2) . Even though a test tube population of S. hyalina may be ~ 3,700 organisms, the respiration (0.7 X 10~3 g C/week) of the population was ~ 8-10% of that of A. laticollaris and R. leei (Table  3) .
Foraminifera are selective feeders. Of the 28 species of diatoms and chlorophytes tested only 4-5 were consumed in signifi- 
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cant quantities (40-150 X IO~B mg/foram/ day) by the foraminifera. Two species of algae Phacodactylum tricornutum (39) and Amphora sp. (5) were eaten in large amounts by all the foraminifera. In synxenic culture A. laticollaris ate almost five times more Amphora sp. (5) (1.5 X 10~3/ animal/day) than most other species tested. Four other species, Phaeodactylum tricornutum (39), Amphora sp. (RF-8), and Nannochloris sp. (41 and Pb-6) were also eaten in large amounts (5.6-8.0 X 10~4 mg/animal/day). Although great numbers of bacteria were eaten, their biomass (0.1-8.3 X 10~6 mg/animal/day) was negligible when compared to the algae.
Two of the algal species, Amphora sp. (RF-8), and Nannochloris sp. (41), which were eaten by Allogromia in large amounts, were not eaten by the other foraminifera. R. leei ate two species of algae, 93 and Pb-13, that the other foraminifera did not consume in large amounts. Pb-13 was eaten in the greatest amounts (6.4 X 10-* mgi/foram/day) followed by Amphora sp. (5) and unidentified chlorophyte (93). In terms of total biomass the other algae were eaten in less significant amounts (range 1-35 X 10~5 mg/animal/ day).
The feeding of S. hyalina on algae was unusual; only one species of alga, Amphora sp. (5) was an important food source (~ 1.2 X 10~4 ing)-The biomass of most of the others was < 20% of the number of Amphora sp. (5) eaten. The biomass (0.2-1.0 X 10~6 mg/animal/day) of bacteria consumed was similar to that of R. leei and was not significant from a carbon budget viewpoint.
The conversion of ingested carbon into body tissue is small for all species. The ecological growth efficiency (P/I) for A. laticollaris is highest during the first and second weeks of growth (12.24-10.16%) when the population is in the logarithmic Fig. 3 ). As anticipated, the E e is < 1% after seven weeks when the population has reached its carrying capacity. Populations of R. leei grow erratically Muller and Lee, 1969) and so the E e of the population varies considerably (Table 5) . During the first week the E o was 21.58%; the second week it was down to 5.38%, while the third week it returned to 10.75%. The rate of ingestion of populations of 5. hyalina is similar to the other species tested, but net production is so small that the E e of the species is always < 10% and may be as small as 0.07% when the population reaches its carrying capacity (Table 6 ).
DISCUSSION
The ecological growth efficiency (E e ) of the three species tested is highest during the logarithmic phase of growth. The E e of both A. lalicollaris and S. hyalina declines steadily to < 1% at ~ 70 days. Neither species is tolerant of crowded conditions (Muller, 1972) and both are characteristically rare species in the field (Lee et al., 19696; Matera and Lee, 1972) . In nature (after a severe drought) and in the laboratory, when conditions are optimal, that is, competition is low and the appropriate species of food are present, both species bloom and then decline to very low levels. Only Rosalina leei shows signs of being a generalise It had some microenvironmental dependence in common with all the other common species in the marsh except Elphidiiim translucens (Lee et al., 19696) and was moderately abundant in the environment throughout the summer. Unlike the other species tested, the E t . of R. leei remained fairly high (> 5%) for the duration of the experiment. In the present study, respiration of R. leei exceeded the carbon uptake from Amphora sp. (5) when it was the sole labeled food source. This is further evidence that this species has different feeding requirements than the other two species. It needs to feed on mixtures of algae to satisfy its carbon budget. It would be presumptuous to extrapolate productivity figures for the entire foraminiferan assemblage of the community. In terms of tissue growth efficiency (E t ) the foraminifera studied (i.e., A. laticollaris 18%) were approximately as productive as the nematodes (~ 25%) and the crabs (17%) studied by Teal and Kanwisher (1961) and Teal (1962) . In view of the high standing crops, turnover of species, and high E e of salt marsh foraminifera, it is clear that they can play a significant role in the carbon budget and nutrient cycling within the detritus microbial assemblages of salt marshes. All lines of evidence we have gleaned this far from tracer feeding (Lee et al., 1966; Muller, 1972) , standing crops (Lee et al., 19696; Matera and Lee, 1972) , competition and niche width (Muller, 1972) , and energetic considerations suggest that the species of foraminifera we have studied are very opportunistic and well adapted, to play important trophic roles in the very rapidly changing food webs in the communities of which they are an important part. Since energetic considerations are in agreement with our previous data, it seems more reasonable to believe that stability and high rates of productivity in the microbial and micrometazoan assemblages of salt marshes are achieved through species diversity.
